We have established a new purification procedure of cytochrome b 561 from bovine adrenomedullary chromaffin vesicles. The heme content analysis of the purified sample indicated the presence of 1.7 molecules of heme B/cytochrome b 561 molecule. EPR spectroscopy of the purified enzyme in oxidized state showed that there were three types of low spin heme species. Two of them showed usual EPR signals at g z ‫؍‬ 3.14 and g z ‫؍‬ 2.84 arising from the same heme and were interconvertible depending on pH. The other species showed a highly anisotropic low spin signal at g z ‫؍‬ 3.70, with a lower redox potential than the others, and a temperature-sensitive character. These properties are very similar to low potential cytochrome b (b L or b 566 ) of the mitochondrial complex III, indicating that the g z ‫؍‬ 3.70 species is derived from a heme component different from the one that shows the usual low spin EPR signals. Based on our new structural model, these two heme B prosthetic groups are likely to be located on both sides of the membranes in close contact with the ascorbic acid-and semidehydroascorbic acid-binding sites, respectively, to facilitate the electron transfer across the membranes. This molecular architecture may provide a structural basis for the transmembrane electron transfer catalyzed by this hemoprotein.
Cytochrome b 561 is believed to play a key role in electron transfer across the chromaffin vesicle membranes required for noradrenaline biosynthesis inside these specialized organelles of the secretory cells (1) . The mechanism of this process remains still unclear. The cytochrome is a highly hydrophobic hemoprotein with a molecular mass of ϳ28 kDa and contains six or five transmembrane ␣-helices (2, 3) . Its amino acid sequence shows no apparent homology with any other membrane-bound cytochromes so far known (2) . The cytochrome is characterized by a rather high redox midpoint potential (4) and an asymmetric absorption peak in the ␣-band with a maximum at 561 nm and a shoulder at approximately 558 nm (5) . Apps et al. (6) revealed the presence of two potentiometrically different forms (midpoint potentials, 170 and 70 mV, respectively) of cytochrome b 561 and reported the high and low potential components to have identical absorption spectra. Burbaev et al. (7) reported that the intact chromaffin vesicle membranes from bovine adrenal medullae showed three different EPR signals of ferric cytochrome b 561 . A typical g z signal of a low spin cytochrome observed at g ϳ 3 comprised a high potential component with g z ϭ 3.14 and a low potential one with g z ϭ 3.11. In addition, a highly temperature-sensitive heme signal at g z ϭ 3.7 was observed. The latter signal was fully retained in the preparation of vesicle membranes with cytochrome b 561 reduced by 50% but disappeared upon full reduction of the cytochrome by ascorbic acid. The properties of the signal were strikingly similar to those of the mitochondrial low potential cytochrome b heme (b L or b 566 ) (8, 9) .
Despite these pieces of evidence, it is widely accepted that purified cytochrome b 561 contains only one heme B per molecule (10 -12). Apps et al. used the pyridine hemochrome method and Western blotting for quantitation of heme and apoprotein, respectively. They found a heme B/cytochrome stoichiometry of 0.92 (6) . The sigmoid shape in the Nernst plot of redox titration was, therefore, explained by negative cooperativity in oligomeric cytochrome b 561 (6) .
In the present study, we have established a new purification procedure for cytochrome b 561 from bovine adrenal chromaffin vesicles. Heme content analysis of the purified sample showed 1.7 heme B molecules/cytochrome b 561 molecule. We found further that the purified cytochrome in oxidized state showed three types of low spin EPR signals originating from two distinct heme components.
MATERIALS AND METHODS
Purification of Cytochrome b 561 -Chromaffin vesicle membranes were isolated from bovine adrenal glands according to the procedure of Bartlett and Smith (13) . The washed chromaffin vesicle membranes (ϳ500 mg of protein with a concentration of ϳ5 mg of protein/ml) were solubilized with 1.0% (w/v) ␤-octyl glucoside in 20 mM Tris-HCl (pH 8.0) buffer containing 20% (w/v) glycerol and 1.0 mM sodium ascorbate with stirring at 4°C for 1 h. The solubilized extract was centrifuged for 20 min at 19,000 rpm in a model 7800 centrifuge (Kubota, Tokyo, Japan) equipped with an RA-300 rotor. The extract was loaded onto a column of -aminooctyl-Sepharose 4B (2.5 (inner diameter) ϫ 14 cm) previously equilibrated with 20 mM Tris-HCl (pH 8.0) buffer containing 20% (v/v) glycerol, 1.0% (w/v) ␤-octyl glucoside, and 1.0 mM sodium ascorbate (buffer A). After the loading, the column was washed with buffer A extensively, until turbid fractions and reddish fractions were eluted out. The column was then treated with buffer A containing 50 mM KCl. During this wash, cytochrome b 561 was eluted as a sharp red band. Fractions containing cytochrome b 561 were pooled and concentrated to * This work was supported in part by Grants-in-aid for Scientific Research (C) 08680727 (to M. T.) and 08670152 (to Y. I.) and Grantsin-aid on Priority Areas (Molecular Biometallics) 08249234 (to M. T.) and 08249106 (to H. H.) from the Ministry of Education, Science, Sports and Culture of Japan. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
§ To whom correspondence should be addressed: Dept. of Life Science, Faculty of Science, Himeji Institute of Technology, Kamigoori-cho, Akou-gun, Hyogo 678-12, Japan. Fax: 81-7915-8-0189; E-mail: tsubaki@sci.himeji-tech.ac.jp. less than 10 ml in a 50-ml Amicon concentrator fitted with a membrane filter (Millipore PTTK04310; pore size 30,000 nominal molecular weight limit). The concentrated sample was washed twice with buffer A in the concentrator and, then, applied to a column of concanavalin A-Sepharose (Pharmacia Biotech Inc.) (1.0 (inner diameter) ϫ 8.0 cm) equilibrated with buffer A. The fractions not retained in the column were pooled and loaded directly onto a second column of -aminooctyl-Sepharose 4B (1.6 (inner diameter) ϫ 14 cm) previously equilibrated with buffer A. After the loading, the column was washed with buffer A extensively. During this wash, cytochrome b 561 moved down slowly in the column and was then eluted out. Fractions containing cytochrome b 561 were pooled and concentrated in the Amicon concentrator. The purity of cytochrome b 561 was analyzed with visible absorption spectroscopy and on SDS-PAGE. 1 Visible Spectrophotometric Analyses-Visible absorption spectra were recorded with either a UVIKON 922 (Kontron Instruments) or a UV-2200A (Shimadzu Corp., Kyoto, Japan) spectrophotometers at room temperature.
Heme Content Analysis-The purified cytochrome b 561 in 10 mM sodium phosphate buffer (pH 7.4) was oxidized with addition of aliquots of potassium ferricyanide solution (10 mM), and its heme content was analyzed with a pyridine hemochrome method in aqueous alkaline pyridine solution as described by Fuhrhop and Smith (14) . An extinction coefficient value for heme B pyridine hemochrome of 34.4 mM Ϫ1 cm Ϫ1 at 557 nm (in the absolute spectrum) (14) was used. The protein concentration was determined with a modified Lowry method as described previously (15) . Bovine serum albumin was used as a standard. Concentration of the standard solution was assessed spectrophotometrically using an extinction coefficient of 6.60%
Ϫ1 cm Ϫ1 at 280 nm. Measurements of EPR Spectra-The purified cytochrome b 561 (ϳ100 M) in 20 mM Tris-HCl (pH 8.4) containing 20% (v/v) glycerol, 1.0% (w/v) ␤-octyl glucoside, and 1.0 mM sodium ascorbate was placed in a cuvette with a 3-mm light path length and was oxidized stepwise by adding aliquots of 100 mM potassium ferricyanide solution. Partially and fully oxidized cytochrome b 561 samples, thus obtained, were withdrawn into EPR tubes and were frozen in liquid nitrogen. EPR measurements were carried out at X band (9.23 GHz) microwave frequency with a Varian E-12 EPR spectrometer with 100 kHz field modulation. An Oxford flow cryostat (ESR-900) was used for measurements at 5 and 15 K. The microwave frequency was calibrated with a microwave frequency counter (Takeda Riken Co., Ltd., model TR5212). The magnetic field strength was determined by a nuclear magnetic resonance of protons in water. Accuracy of the g values was approximately Ϯ0.01. Table I shows a summary of a typical purification of the cytochrome using 50 bovine adrenal glands as starting materials. The procedure as described in detail under "Materials and Methods" was shown to be reproducible. Just after turbid fractions were eluted out, a part of cytochrome b 561 was also eluted from the 1st -aminooctyl-Sepharose 4B column during a wash with buffer A. SDS-PAGE analysis showed that the fraction contained many protein bands with higher molecular weights, in addition to cytochrome b 561 , indicating that cytochrome b 561 was not fully dissipated even in 1% ␤-octyl glucoside or cytochrome b 561 might interact strongly with other membrane proteins in chromaffin vesicles. Before loading onto the second -aminooctylSepharose 4B column, the crude cytochrome b 561 sample was passed through a concanavalin A-Sepharose column to remove contaminating dopamine ␤-monooxygenase. Upon loading on the second -aminooctyl-Sepharose 4B column, cytochrome b 561 was adsorbed in the column as a red band. Washing the column with the equilibrating buffer caused a gradual elution of cytochrome b 561 . The sample at this stage showed a single protein band on SDS-PAGE with an apparent molecular weight of 27,700 and was considered as pure cytochrome b 561 .
RESULTS

Purification of Cytochrome b 561 -
Heme Content Analysis-The pyridine hemochrome analysis of the purified sample in the aqueous alkaline condition showed ␣, ␤, and Soret absorption maxima at 556.5, 524.5, and 418.5 nm, respectively, confirming presence of heme B as the prosthetic group (5). The purified cytochrome b 561 contained 61.4 nmol of heme B/mg protein (the mean value of 6 measurements with S.D. ϭ 2.14). This corresponds to 1.70 molecules of heme B/cytochrome b 561 molecule, assuming the molecular weight as 27,700. It was essential to oxidize cytochrome b 561 before the pyridine hemochrome analysis; otherwise significant destruction of heme B was observed upon treatment of the cytochrome in the aqueous alkaline solution.
Visible Absorption Spectra-The purified cytochrome b 561 in reduced form showed ␣, ␤, and Soret absorption maxima at 561, 530, and 427 nm, respectively, as reported previously (5) . At the final stage of the purification, sodium ascorbate was omitted from the elution buffer to remove the absorption in ultraviolet region due to ascorbic acid or semidehydroascorbic acid. Millimolar extinction coefficients of the purified cytochrome b 561 at certain important wavelengths were determined assuming presence of two hemes B per molecule (see "Discussion") and are summarized in Table II . The results show significant differences from the values previously reported (5). For instance, in the reduced minus oxidized difference spectrum, the reported ⑀ 561-575 value ranges from 23.3 (5) to 26.8 mM Ϫ1 cm Ϫ1 (11) on heme basis. EPR Analyses-Visible absorption spectra of the purified cytochrome b 561 in various redox levels are shown in Fig. 1  (upper panel) . In almost (93%) oxidized state at pH 8.0 (Fig. 1,  upper panel, trace C) , three types of low spin species were observed in the EPR spectra at 15 K (Fig. 1, center panel , trace 1 The abbreviation used is: PAGE, polyacrylamide gel electroporesis. for the dithionite reduced absolute spectra at the wavelength at 427 and 561 nm, respectively, were used for the later purification stages (see Table II C): a highly anisotropic species with g z value at 3.70 and two typical low spin species (one with g z ϭ 3.14 and the other with g z ϭ 2.84, g y ϭ 2.24, and g x ϭ 1.66). The two typical low spin signals (g z ϭ 3.14 and 2.84) showed a significant pH dependence and were found to be interconvertible. Upon lowering the pH to 6.8, the g z ϭ 2.84 signal was completely gone in the EPR spectrum at 15 K (Fig. 2A) . On the other hand, at pH 8.8, the intensity of the g z ϭ 2.84 signal became much stronger than that of the g z ϭ 3.14 signal (spectra not shown). The apparent pK a of this transition was estimated at approximately 8. 2 The g y and g x components of the g z ϭ 3.14 species could be clearly seen at ϳ2.1 and 1.49, respectively ( Fig.  2A) , as reported previously for the oxidized chromaffin vesicles (pH 7.2). Although Burbaev et al. reported that the g z ϭ 3.12 species comprised a high potential component with g z ϭ 3.14 and a low potential one with g z ϭ 3.11 (7), our present data showed only one species. The g values of both the g z ϭ 3.14 and g z ϭ 2.84 species are very similar to those of microsomal cytochrome b 5 (g z ϭ 3.05, g y ϭ 2.22, and g x ϭ 1.41) (16) , chloroplast cytochrome b 559 (g z ϭ 2.94, g y ϭ 2.27, and g x ϭ 1.54) (17) , and cytochrome b of bo-type ubiquinol oxidase (g z ϭ 2.98, g y ϭ 2.26, and g x ϭ 1.45) (18) , all of which are known to have bisimidazole ligands. 2 M. Tsubaki, M. Nakayama, and H. Hori, unpublished result. At 5 K, the g z ϭ 3.70 species dominated in the low spin signal region of the fully oxidized spectra (both pH 6.8 and 8.0) (Fig.  2, B and C) , being consistent with the previous observation on the oxidized chromaffin vesicle preparation (7). There was a slight pH-dependent change in the g z value (Fig. 2, B and C) . We noticed further that, at 5 K, intensity of the g z ϭ 3.70 signal in the partially (43%) oxidized spectrum was almost fully retained compared with the one in the 93% oxidized spectrum (Fig. 1, lower panel, traces B versus C) . At 15 K, the g z ϭ 3.70 signal intensity in the 43% oxidized spectrum was almost fully retained as well (Fig. 1, center panel, traces B versus C) . These observations indicate that the redox potential of the g z ϭ 3.70 species is lower than those of the usual low spin species (g z ϭ 3.14 and 2.84 species).
The high spin heme signal (g ϳ 6.1) represents merely a minor population of cytochrome b 561 based on spin contents. The nature of this species is not clear at this stage. There was another type of EPR signal at g ϭ 4.3. It is likely a product of the heme decomposition.
DISCUSSION
In the present study we have established a new purification procedure that enabled us to prepare a large quantity of highly purified cytochrome b 561 from bovine chromaffin vesicles. The heme content analysis of the purified cytochrome b 561 showed 1.7 molecules of heme B/molecule. This number is in marked contrast to the previously reported value of 1.0 molecule of heme B/cytochrome b 561 molecule (6, 10 -12) . It is very likely that previous purification procedures suffered a significant loss of heme B prosthetic group from the cytochrome. We noticed that a part of heme B prosthetic group is particularly labile and is easily lost during the purification. Even with our new purification procedure, the heme content values of as low as 1.4 molecule of heme B/cytochrome b 561 were obtained for some preparations. Thus it is very probable that the cytochrome b 561 in native state contains two hemes B per molecule. Extremely high value (3.9) of A 427 /A 280 ratio in the visible absorption spectrum in reduced state (without sodium ascorbate) (spectrum not shown) is consistent with the presence of two hemes B per molecule.
The presence of several EPR species of cytochrome b 561 in chromaffin vesicle membranes had been reported (7) and was confirmed in the present study for the purified sample. There were three types of low spin species; two of them showed usual low spin EPR signals (g z ϭ 3.14 and g z ϭ 2.84) arising from the same heme component and were interconvertible depending on pH. A similar transition of EPR signals upon elevation of pH was reported for cytochrome b 5 , in which a neutral form (g z ϭ 3.05, g y ϭ 2.22, g x ϭ 1.41 at pH 6.2) was converted to an alkaline form (g z ϭ 2.76, g y ϭ 2.26, g x ϭ 1.67 at pH 12.0) (16) . The cause of this transition is likely either due to deprotonation of one of the axial bisimidazole ligands to form an imidazolate ligation or the imidazole ligand to become strongly hydrogenbonded from a nearby amino acid residue (19) . Since the pH within chromaffin vesicles is around 5.7 (20) , the g z ϭ 2.84 species may not participate in the physiological electron transfer reaction.
The other EPR species showed a highly anisotropic low spin signal (g z ϭ 3.70), a lower redox potential than the others, and a temperature-sensitive character, being very similar to cytochromes b (b 566 , g z ϭ 3.75; b 562 , g z ϭ 3.45) of the mitochondrial complex III (8, 9) and to chloroplast cytochrome b 6 (b 563 , g z ϭ 3.5) (21) . The g z ϭ 3.70 species showed only a slight pH-dependent spectral change. These properties indicate that the g z ϭ 3.70 species is derived from a heme component different from the one that shows the usual low spin EPR signals. Presence of two independent heme B centers is consistent with the observation of two different forms (midpoint potentials, 170 and 70 mV, respectively) of cytochrome b 561 determined by an optical potentiometric technique (6) .
Recently we have proposed a plausible structural model of cytochrome b 561 on the basis of comparison of the deduced amino acid sequences of seven species. 3 In the model, a polypeptide spans the vesicle membranes six times. There are two fully conserved regions in the sequences; the first conserved sequence ( 69 ALLVYRVFR 77 ) is located on the extravesicular side of an ␣-helical segment, and the second one ( 120 SLHSW 124 ) is located in an intravesicular loop connecting two ␣-helical segments, respectively. The first and second conserved sequences are likely to form the binding sites for extravesicular ascorbic acid and intravesicular semidehydroascorbic acid, respectively (1). 3 Consideration on the EPR properties of the two heme B species suggests further that a lower redox potential of the g z ϭ 3.70 species is favorable for an electron acceptor from extravesicular ascorbic acid, whereas the usual low spin heme species has a higher redox potential suitable for donating an electron to intravesicular semidehydroascorbic acid. Indeed, the EPR character of the g z ϭ 3.70 species is very similar to those of cytochromes b of the mitochondrial complex III, particularly to the low potential cytochrome b (b L or b 566 ) (8, 9) , which is considered to exist within the mitochondrial membranes (22, 23) . On the other hand, the usual low spin species seems to be located in relatively hydrophilic environments, showing a striking pH dependence. It is likely that the highly anisotropic (g z ϭ 3.70) EPR signal is derived from the heme at the extravesicular side and that the usual low spin EPR signals (g z ϭ 3.14 and g z ϭ 2.84) are originated from the heme at the intravesicular side. Therefore, the two heme B centers are located on both sides of the membranes in close contact with the ascorbic acid-and semidehydroascorbic acid-binding sites, respectively, to facilitate the electron transfer across the membranes. The well allocated molecular architecture provides a structural basis for the efficient transmembrane electron transfer catalyzed by this hemoprotein. Further studies are in progress to reveal the mechanism of the ascorbic acid-regenerating system in the secretory vesicles.
